A new in-magnetic field electrospray ionization (ESI) and Fourier transform ion cyclotron resonance mass spectrometer has been constructed and evaluated. This system is characterized by the use of multiple concentric cryopanels to achieve ultrahigh vacuum in the ion cyclotron resonance cell region, a probe-mounted internal ESI source, and a novel in-field shutter. Initial experiments demonstrate high resolution mass measurement capability at a field strength of 1 T. Mass resolution of 700,000 has been obtained for the 3 + charge state of Met-Lys-bradykinin (at m rz 440) generated by electrospray ionization. When electron impact ionization was employed, resolution in excess of 9,200,000 was achieved for nitrogen molecular ions (Nt). Isotopic resolution for molecular ions of bovine ubiquitin (MW = 8565 JL) also was achieved by using small ion populations. (J Am Soc Mass Spectrom 1996, 7, 915-922) T he coupling of electrospray ionization (ESI) with Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) [1, 2] has been shown to be a powerful analytical tool [3] [4] [5] . Due to the multiple charging phenomenon inherent to the ESI process, ions are typically generated in a mass-tocharge ratio range accessible to most mass analyzers. The presence of multiple charge states can make spectral interpretation more challenging, particularly for the analysis of mixtures. Therefore, a high resolution mass spectrometer is beneficial to the use of ESI. Fourier transform ion cyclotron resonance (FTICR) has been shown to be capable of providing ultrahigh resolution [6, 7] , ion remeasurement [8] [9] [10] , and multistage mass spectrometry (MS n , where n > 2) [11] . Molecular ions in the mega-Dalton mass regime recently have been transferred nondestructively into the gas phase by using ESI and, due to the high number of charges on each ion, individual ions have been isolated and studied by using FTICR [12, 13] [20, 21] .
T he coupling of electrospray ionization (ESI) with Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) [1, 2] has been shown to be a powerful analytical tool [3] [4] [5] . Due to the multiple charging phenomenon inherent to the ESI process, ions are typically generated in a mass-tocharge ratio range accessible to most mass analyzers. The presence of multiple charge states can make spectral interpretation more challenging, particularly for the analysis of mixtures. Therefore, a high resolution mass spectrometer is beneficial to the use of ESI. Fourier transform ion cyclotron resonance (FTICR) has been shown to be capable of providing ultrahigh resolution [6, 7] , ion remeasurement [8] [9] [10] , and multistage mass spectrometry (MS n , where n > 2) [11] . Molecular ions in the mega-Dalton mass regime recently have been transferred nondestructively into the gas phase by using ESI and, due to the high number of charges on each ion, individual ions have been isolated and studied by using FTICR [12, 13] . MS 4 measurements have been performed on multiply charged protein and oligonucleotide ions by using ESI-FTICR [14, 15] . ESI-FTICR has been used to study several types of weakly bound noncovalent biomolecular complexes that include DNA-drug [16] , protein-protein [17] , and DNA-protein complexes [18] . A number of recently reported novel techniques for ion manipulation based on quadrupolar axialization have provided improved performance [19] and enhanced dynamic range [20, 21] .
The conventional approach for coupling ESI with FTICR involves formation of ions outside the magnetic field and injection of these ions through the fringing magnetic field by using either radiofrequeney ion guides [22] or electrostatic lenses [23] . Significant ion losses can occur during ion transport from an external ESI source [3, 5, 24] . In an attempt to increase detection sensitivity, Hofstadler and Laude [25] moved the electrospray source into the high field region of a 3-T magnet and obtained the required pressure reduction by employing differentially pumped concentric vacuum chambers. It was demonstrated that significantly higher ion currents could be transmitted to an ion cyclotron resonance nCR) cell than by typical external ESI source designs. However, such a design imposes a strict requirement on the differential pumping system because ESI occurs at atmospheric pressure and high resolution FTICR detection requires ultrahigh vacuum.
Ion detection in the initial work was performed at -10- 7 torr, which resulted in low mass resolution spectra. Subsequent work that employed the high magnetic field ESI source in conjunction with the concentric vacuum chambers approach has demonstrated improved performance with the addition of a mechanical shutter to enhance differential pumping [26] .
Here we describe the design and performance of a novel in-field ESI-FrICR instrument in which adverse pressure effects are substantially overcome with enhanced differential pumping. The instrument includes a movable (in x-y-z directions) ESI probe, five stages of differential pumping, and a new in-field shutter. Of particular significance is that high performance results have been obtained at much lower magnetic field strength (I T) than typically employed (3-7 T) for ESI-FrICR, which suggests the potential for the design of high resolution FrICR instrumentation by using permanent magnets. Figure 1 shows a schematic of the instrumentation. The entire vacuum system and the associated components are cart-mounted to enable easy and rapid movement of the vacuum chamber into the bore of the magnet. For enhanced vibrational isolation, the pumping system is located on a separate side cart that is moved in tandem with the main vacuum system cart, and the instrument can be moved in or out of the magnet while ultrahigh vacuum (UHV) is maintained. ICR cell control and data collection cables are connected from the opposite side of the magnet. The bore of the magnet has a lOt-in. diameter (with a room temperature shim system). The magnet (Oxford Instruments, Ox-
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ford, England; maximum field of 4.7 T) was charged to 1 T for the present experiments (to confine the 5-G line of the fringing magnetic field in the present location, the magnet operation is restricted to a field strength of
T).
Vacuum System
The vacuum system incorporates five stages of differential pumping that provide approximately 12 orders of magnitude decrease in pressure between the ESI source and the ICR, a distance of about 9 in. The main vacuum chamber is a titanium nitrite coated aluminum tube of 10-in. o.d. and 9.75-in. i.d. (Spectra Physics, Mountain View, CA).lnside this primary vacuum chamber is a set of five concentric tubes (-40-in. length and 1/16-in. thickness) with a spacing of 1/4 in. between any two adjacent tubes . The materials of these tubes are (in order of descending diameters) aluminum, copper, aluminum, copper, and aluminum. The aluminum tubes function as radiation shields, whereas the copper tubes are"cryopanels" (see subsequent text). The first two tubes (aluminum and copper) serve to pump the fifth vacuum stage and surround the entire ICR cell region (see Figure 1 ), whereas the inner three tubes (aluminum, copper, and aluminum) provide the pumping for the fourth stage. These two stages are separated by a 2-mm-diameter conductance limit (electrically isolated from the chamber) mounted on the third aluminum tube, and are cooled separately by two cryopumps (model RGD 1245 coldhead from Leybold Vacuum Products, Inc., Export, PA). The copper panels and the aluminum shields are connected to the inner (10-20 K) and outer stages (40-100 K) of the two coldheads, respectively. The coldhead housing is A gate valve is used to close the inlet system when the ESI probe is removed, so that the first and the second stage chambers can be isolated from their respective pumping systems. Therefore, there is no need to vent the vacuum chamber to replace or clean the ESI source assembly or the heated capillary inlet. After the ESI probe is inserted into the chamber, it is disconnected from the travel guide, and the position of the tube lens and the heated capillary inlet then can be optimized with respect to the first skimmer by adjusting the x-y-z manipulator. Whereas the probe is -85 in. long, and its mechanical stability at the capillary end was found to effect the ESI performance greatly, four Teflon pieces were installed inside the second stage tube to provide additional support for the probe (see Figure 2) . All of the materials used for the ESI probe are nonmagnetic. The temperature on the heated capillary is controlled by an automatic feedback circuit (Spectrum Solutions, Inc., Russelton, PA), and a high voltage-low current heating scheme is used. The capillary is heated indirectly by three cartridge heaters inserted into a copper block that houses about two-thirds of the 5.5-in.-Iong stainless steel capillary <l/16-in. o.d., 600-IJ-m i.d.), This design not only facilitates capillary replacement, but also eliminates the need to electrically float the power supply and the temperature controller for the heated capillary inlet. No significant noise was detected by the ICR detection circuitry from this capillary control unit. The tube lens was fabricated from a 70% transmitting screen (7 mm long X 1 em diameter) that extends -4 mm beyond the heated capillary (see 
Electrospray Ionization Probe and Source Assembly
To minimize vacuum chamber contamination and allow easy access to the electrospray source elements, a probe-mounted electrospray ionization source was developed that comprised a tube lens, a heated metal capillary inlet, a sheath gas and countercurrent gas system, and an electrospray emitter (see Figure 2) . To maximize the conductance of the various pumping stages, the diameter of the probe tube was limited to 2 in. (o.d.), which imposed considerable constraints upon mechanical design. The probe is mounted on a motor driven linear travel guide, which serves to move the probe into or out of the chamber. A double O-ring flange-mounted to the main chamber through a vibration-isolation bellows, which significantly reduces low frequency vibrational noise in the detected spectra. In addition to the cryopanel, the fifth stage chamber also is pumped by a turbomolecular pump (model 5400, 400 Lis, Alcatel Vacuum Products). The pressure at this stage is measured by using an ion gauge mounted on the same cross as the turbomolecular pump and the cryopumps. CemoxTM temperature sensors (Lakeshore Measurement and Control Technologies, Westerville, OH) are attached to the end (i.e., near the ICR cell) of each of these cryopanels and cryoshields.
The entire set of cryopanels is supported by (but thermally isolated from) a 6-in. The cryopanels in the fifth and the fourth stage normally obtain a temperature of -15 K, which results in a fifth stage base pressure of -8 X 10-10 torr. During operation in the ESI mode, pressures are estimated (based on the gauge readings when the chamber is removed from the magnet bore, and the calculated conductance for the various stages) to be 1-3 torr, 10-2 torr, 10-5 torr, 10-7 torr and 10-9-10-10 torr, in the first through fifth stages, respectively (see Figure 2 ). volume :::: 14 p,L). Both the spray emitter and the sample inlet capillary are installed in a supporting tubing assembly that also includes the high voltage lead. The high voltage can be applied directly when a stainless steel ESI emitter is used or indirectly when a fused silica capillary (e.g., a "microspray" emitter) is used (see Figure 2 ) [27] . Samples were injected by using a syringe pump (Harvard Apparatus, South Natick, MA). The ESI tubing assembly slides into another aluminum tube, which can be moved in the x-y direction with respect to the heated inlet capillary; the z direction (i.e., parallel to the magnetic field lines) can be adjusted by moving the emitter assembly.
Shutter
To minimize the effects of the higher pressure ESI source and differential pumping stages on ion manipulation and detection processes in the mCR cell, a shutter assembly was developed based upon the motion of a current loop in a magnetic field (Kouzes, R.
T.; Peurrung, A. J., private communication). As illustrated in Figure 3 , the shutter consists of a rotatable plate (l in. x 9/16 in. x 1/8 in.) and a 45°aluminum pole (l in. X lI8-in. diameter) around which insulated coils were wrapped (-400 turns). When a direct current (i) is passed through the coil, as indicated in J Am Soc Mass Spectrom 1996, 7, 915-922 in which r is the vector from the pivot point to the center of mass of the shutter. Note that the opening force changes as the shutter rotates with respect to the magnetic field direction. Similarly, the shutter can be closed by reversing the current applied. Experimentally, friction is introduced on the pivot points by using thin copper shims as electrical contacts, which ensures good electrical conductivity and prevents the shutter from bouncing back to the open (or closed) position. The shutter opening time is controlled by a TTL pulse from a data station (Finnigan FTMS, Madison, WI) through a specially designed control circuit; provision also was made to open or close the shutter manually. Typically, a 2.5-A current is needed to open or close the shutter. The key advantage of this design is that current is applied only during the opening or closing of the shutter, which eliminates a potentially excessive heat load on the shutter coils and the introduction of magnetic field perturbations during excitation/detection events.
Ion Cyclotron Resonance Cell
The ICR cell (a 4-in. cubic design) was mounted on a spring-loaded frame attached to the rear flange (lo-in. diameter) of the main vacuum chamber. There are four copper rods on the fourth stage aluminum shield chamber (on which the "conductance limit" is mounted; see Figure 2 ) that slide into four holes on the self-adjustable frame, which automatically aligns the ICR cell with the ion beam from the ESI source. Ions enter the ICR cell through a 6-mm-diameter aperture in the center of the front trap plate. An electron impact ionization (EI) source was located near the rear plate of the cell to allow the electron beam to be injected into the cell through a 2-mm-diameter hole on the rear trap plate. The EI source consisted of a filament, a collector, and an electron gate. All of the cell and EI source control cables were connected to the data station through the rear flange. For the experiments reported here, a homemade preamplifier was used [29] . A quadrupolar excitation circuit with a dipole-quadrupole switching device <Constructed in our laboratory) also was incorporated. Broadband quadrupole cooling [30] and selective ion accumulation [20, 21] waveforms were generated by using an arbitrary waveform generator (PCIP-arbitrary waveform generator, 5 MHz, 12 bit, Keithley MetraByte Co., Taunton, MA) controlled via a Pc. Both the waveform output and the circuit switching were controlled by the data station. A piezoelectric pulsed valve (Lasertechnics, Inc., Albuquerque, NM) was mounted on the rear flange (see Figure 2 ) and controlled by TTL pulse from the data station. Dry N 2 gas was pulsed into the chamber through this valve and transported to the ICR cell region through an aluminum tube (l-in. i.d.) that terminated -1 in. from the rear trap plate.
Experimental Conditions
In a typical ESI-FTICR experiment, samples were injected at 0.3-0.5 J.LL/min by using a syringe pump. All samples were obtained from commercial sources (Sigma Chemical Co., St. Louis, MO) and were dissolved in a 5% HOAc solution that contained 50% MeOH. For the experiments reported here, typical potentials on the electrospray emitter, heated capillary, tube lens, first skimmer, second skimmer, shutter, and conductance limit are 3-3.5 kV, 20-35 V, 215-220 V, 7-10 V, 2.5-5 V, -6-10 V, and 0 V, respectively. The temperature of the capillary inlet typically was maintained at -100°C for aqueous samples. An ion current of 30-40 pA (which likely includes contributions from ions that are not completely desolvated) normally was detected by a picoampere meter (model 617, Keithley Instruments, Inc., Cleveland, OH) at the shutter (closed) for the Met-Lys-bradykinin sample (0.4 mgyrnl.), of which up to 10 pA of ion current was measured (when the shutter was open) at the rear trapping plate of the ICR cell (with the front trapping plate grounded). The kinetic energy of the ions was 7 ± 0.5 eV/q when the foregoing settings, as measured by biasing the front trap plate (i.e., retarding field method), were employed. No significant ion current was detected at the ICR cell when the system was withdrawn from the magnetic field under otherwise identical conditions, which indicates that there is at least a tenfold increase in ion transmission in the I-T magnetic field. Based on previous reports at 3-T field strength [25] , the ion current to the ICR cell is expected to further increase when the magnetic field strength is increased to 4.7 T.
A typical ESI mass spectrometry experimental sequence included ion quenching u s), injection (opening the shutter) and trapping (by the pulsed introduction of N 2 gas), ion "cooling" (with the shutter closed), dipolar excitation, and detection steps. Ion injection time varied from 50 ms to a few seconds (depending on the ion current), and cooling times were 5-10 s.
During the ion accumulation period, a constant I-V difference was maintained on the front and the rear trap plates to facilitate accumulated trapping [31] . In an electron impact experiment, the injection event was replaced by an ionization step in which the potential on the electron gate was lowed to admit electrons into the cell and to ionize the gas molecules introduced through the pulsed valve.
Results and Discussion
Electrospray Ionization Source Performance
The ESIsource was designed so that the potentials and the relative positions of the beam optics could be varied, which allowed experiments to be conducted to study the effects of various electrostatic configurations on the ion intensity, ion kinetic energy, ion trapping efficiency, and ion transmission discrimination. Several such experiments have been performed to date. Similar to the previous studies with single skimmer design [25] , ion kinetic energy (measured by the retarding field method) was found to increase linearly from 4 to 10 eV/q as the direct current potential on the first skimmer was varied from 3 to 18 V. Lower skimmer potentials largely decreased the accuracy of the kinetic energy measurement because the ion current typically decreased to below 3 pA. A nonzero intercept of -2.5 eV/q in a plot of ion kinetic energy versus the first skimmer potential may result from the voltage applied on the second skimmer (2.5 V) in these experiments. However, some contribution from molecular beam slip, as has been shown for a single skimmer interface [32] , also is likely. Similar to a previous single skimmer design [25] , ion current was found to be affected significantly by the distance between 'the tube lens and the first skimmer. As the skimmer-tube lens distance decreases from 1.8 to 0.1 em, the ion current measured on the rear trap plate increases steadily until it reaches a plateau at a distance of < 2.5 mm. It was observed also that the pressure in the second and the third stages increased as the tube lens and heated capillary inlet were moved closer to the skimmer. For normal operation, this capillary-skimmer distance was set at 1.0-1.5 mm. Another factor that had a major effect on the ion current was the tube lens, but in a very different way. We found that by adding a tube lens immediately adjacent to the heated capillary, the ion current is much less dependent upon the relative position of the capillary and the skimmer in the x-y directions, which greatly enhances normal operation of the ESI source. By using the foregoing experimental conditions, the highest ion signal was obtained when the tube lens biased at 210 ± 15 V. Our experience to date indicates that in its present configuration, ESI described source is convenient and reliable despite its internal location and lack of provision for visual inspection (as is typical for external source configurations).
Ion Injection and Trapping
In agreement with previous studies [25] , the ion kinetic energy was found to depend greatly on the ESI source parameters, and ions of different mass-to-charge ratios could have different kinetic energies . In one typical ESI study, the kinetic energy of the 2 + charge state ions (at rn/z 662) of Met-Lys-bradykinin was -7-8 eV/q, whereas that of the 3 + charge state ions (at myz 441) was -9-10 eV/q. Consequently, a potential difference of 1 V between the front and the rear trap plates (i.e., the trapping "window") during ion injection was observed to produce the greatest total ion intensities (e.g., the sum of 2 + and 3 + intensities for Met-Lys-bradykinin), Narrower (than 1 V) trapping [34] . Similar performance also has been demonstrated for 4 He + ions detected in a 7-T ICR with a resolution of 2 X 10 8 [35] . This shows that the ICR cell, low pressure detection environment, and magnetic field homogeneity are conducive to acquisition of high performance mass measurements, even at a magnetic field strength of 1 T. 
Initial Results
windows decreased the trapping efficiency. A wider window, on the other hand, allowed some ions to escape the trapping field because ions only lose a limited amount of their kinetic energy during transit between the two trap plates and, even if reflected, would exit the trap if their kinetic energy was still sufficient to exceed the barrier provided by the front trap plate potential [33] .
Shutter perfonnance was examined by using the optimized conditions described in the preceding text. Under conditions below the space-charge limit of the ICR cell, the total ion intensity for Met-Lys-bradykinin Figure 4b ) were obtained when a 10-V potential was applied to the conductance limit to prevent the ions from entering the ICR cell except during the ion injection period (Figure 4c ).
Similar effects also were observed for the 3 + charge state ions, except that the extents of frequency drift was not as large as in the case of the 2 + charge state ions (most likely owing to its much larger ion population). Evidently, the small ESI ion current, in addition to the neutral beam, significantly degraded the ion excitation and/or detection performance. The decrease in peak intensities in the open-shutter experiments was due to the shorter transient lifetime and the frequency drift, which mainly resulted from ion-ion interactions, as can be seen by comparing the spectra in Figure 4b and 4c. Similar effects also were observed for other species. 
Conclusions
lation was also needed to give a resolved utopic patt ern for cytochrome c (12,360 Da), It has been shown both theoretically and experimentally [36] [37] [38] that ions with similar mass-to-charge ratios, such as those that differ isotopically, can become "locked" in the same cyclotron frequency (i.e., "phase locking") when the number of such ions in an ICR cell exceeds a certain limit. This limit has been predicted to be proportional to the square of the magnetic field strength, the ion cyclotron radius and inversely proportional to the square of mass of the ion, among other factors [36] . In the case of ubiquitin, this limit can be estimated to be about 3000 ions in the 10 + charge state at 1-T field strength, in qualitative agreement with the foregoing observation. and broadband detection with 512,000 data points. The spectra were subjected to a triangle apodization and one zero filling before FFf. The inset of Figure 5a shows isotopic detail for the 3 + charge state peak of Met-Lys-bradykinin, which demonstrates a resolution (FWHM) of 700,000 at mlz 440 (transient length > 40 s). The inset in Figure 5b shows the resolved isotopic distribution for the 4 + charge state of melittin and a spectrum resolution of 70,000 (FWHM). However, under conditions employed for melittin, isotopic resolution was not obtained for ubiquitin (Figure 5c ) until > 50% of the initial ion population for the 10 + charge state was ejected by large amplitude (> 30 V p_ p) off-resonance dipolar excitation for 500 IDS in the presence of N 2 gas (-10-7 torr), after which the isotopic resolution was observed clearly. Similar results also were obtained by simply injecting a smaller population of ions (Figure 5c inset) . A small ion popu-A new in-magnetic field electrospray ionization (ESI) Fourier transform ion' cyclotron resonance mass spectrometer (FTICR-MS) has been constructed and its initial performance has been evaluated. This new system is characterized by its unique ultrahigh vacuum capability in the cell region that is obtained by using a dual concentric cryopanel arrangement, a probe-mounted ESI source, and a novel in-Imagnetic) field shutter. We have shown that the in-field shutter improves the system performance by blocking the entrance of both the ions and the neutrals from the ESI source to the ICR cell in events other than during ion injection-trapping (and causing both frequency drifting and shorter transient lifetimes). Initial spectra demonstrate that high resolution mass measurements are obtainable even at magnetic field strength of only 1 T. Mass resolution (FWHM) of 9,200,000 for Nt ions generated from electron impact ionization and of 700,000 (transient lifetime > 40 s) for the 3 + charge state ions of Met-Lys-bradykinin (at mrz 440) from electrospray ionization were obtained. Isotopic resolution for molecular ions of bovine ubiquitin (MW = 8565 u) also was achieved, but required limiting the ion population. Substantially higher resolving power and dynamic range (and high sensitivity) are anticipated when the magnetic field is increased to its maximum (4.7 T). The experimental results shown here indicate that, with certain technical improvements, high performance might be obtainable for FTICR with other types of magnets, for example, permanent magnet or electromagnets, and at field strength lower than 1 T.
